Loss of agr function, vancomycin exposure, and abnormal autolysis have been linked with both development of the GISA phenotype and low-level resistance in vitro to thrombin-induced platelet microbicidal proteins (tPMPs). We examined the potential in vitro interrelationships among these parameters in well-characterized, isogenic laboratory-derived and clinical Staphylococcus aureus isolates. The laboratory-derived S. aureus strains included RN6607 (agrII-positive parent) and RN6607V (vancomycin-passaged variant; hetero-GISA), RN9120 (RN6607 agr::tetM; agr II knockout parent), RN9120V (vancomycin-passaged variant), and RN9120-GISA (vancomycin passaged, GISA). Two serial isolates from a vancomycin-treated patient with recalcitrant, methicillin-resistant S. aureus (MRSA) endocarditis were also studied: A5937 (agrII-positive initial isolate) and A5940 (agrII-defective/hetero-GISA isolate obtained after prolonged vancomycin administration). In vitro tPMP susceptibility phenotypes were assessed after exposure of strains to either 1 or 2 g/ml. Triton X-100and vancomycin-induced lysis profiles were determined spectrophotometrically. For agrII-intact strain RN6607, vancomycin exposure in vitro was associated with modest increases in vancomycin MICs and reduced killing by tPMP, but no change in lysis profiles. In contrast, vancomycin exposure of agrII-negative RN9120 yielded a hetero-GISA phenotype and was associated with defects in lysis and reduced in vitro killing by tPMP. In the clinical isolates, loss of agrII function during prolonged vancomycin therapy was accompanied by emergence of the hetero-GISA phenotype and reduced tPMP killing, with no significant change in lysis profiles. An association was identified between loss of agrII function and the emergence of hetero-GISA phenotype during either in vitro or in vivo vancomycin exposure. In vitro, these events were associated with defective lysis and reduced susceptibility to tPMP. The precise mechanism(s) underlying these findings is the subject of current investigations.
Antimicrobial resistance complicates the treatment of intravascular infections and other infections caused by Staphylococcus aureus (8, 24, 38) and has been amplified by rising rates of methicillin-resistant S. aureus (MRSA) in both communityacquired and nosocomial infections (30) . The efficacy of vancomycin, the treatment of choice for MRSA, has been limited by high rates of clinical failures (13, 38) , and the emergence of both partial (GISA) (14, 16, 38) and complete (6) resistance in clinical isolates.
Although the instability of the GISA phenotype in the absence of glycopeptide selective pressure (16) has prevented its genetic characterization to date, it is thought to result from global metabolic changes affecting cell wall synthesis and structure (4, 14, 16, 36, 37, 39, 40) . We have recently shown that emergence of the GISA phenotype (36, 37) is associated with (i) loss of function of the accessory gene regulator (agr), a global regulon which coordinately controls exoprotein, exotoxin, and adhesin expression in S. aureus (22, 26, 32, 34) ; (ii) agr II polymorphism; and (iii) decreased autolysis in vitro (5, 37, 39) .
We have also recently demonstrated that one of the initially described GISA strains, HIP5936 (7) , is moderately resistant in vitro to killing by endogenous host cationic peptides, termed thrombin-induced platelet microbicidal proteins (tPMPs) (29) . Interestingly, stable, low-level PMP resistance in vitro has also been observed in a large proportion of S. aureus bloodstream isolates from patients with endovascular infections (2, 12, 42) and persistent MRSA bacteremia despite vancomycin therapy (13) . These low-level tPMP-resistant isolates also exhibited diminished autolytic activity (45) . Because of these interesting in vitro-in vivo correlations, we evaluated here the potential in vitro interrelationships among (i) GISA phenotype, (ii) reduced susceptibility to tPMP-1, (iii) loss of agr function, and (iv) abnormal lysis profiles by using well-characterized and genetically related laboratory and clinical strains.
MATERIALS AND METHODS
Laboratory strains. The salient features of the laboratory strains are summarized in Table 1 . All laboratory strains used in the present study are derivatives of RN6607 (SA502A), a previously published methicillin-susceptible, agr group II prototype S. aureus strain (22, 26) . RN9120 is a previously described (26) agr knockout (agr::tetM) of RN6607. Because prior studies in our laboratories indicated that emergence of hetero-GISA phenotype in vitro results from exposure to subinhibitory vancomycin concentrations (37) , single colonies of RN6607 and RN9120 were grown for two consecutive cycles (12 to 14 h) in brain heart infusion (BHI) broth (Becton Dickinson, Cockeysville, MD) containing 1 g of vancomycin/ml, generating RN6607V and RN9120V, respectively. Resulting bacterial suspensions were then plated on BHI plates containing 1 g of vancomycin/ml, and individual colonies were used in further testing. Stocks of each strain were stored at Ϫ70°C until thawed for subsequent experimentation. To amplify the vancomycin hetero-GISA phenotype selected in vitro, RN6607V and RN9120V were then serially passaged in BHI containing increasing vancomycin concentrations at increments of 1 g/ml. RN6607V was unable to grow in the presence of vancomycin concentrations greater than 4 g/ml. RN9120V was successfully passaged serially in BHI broth containing vancomycin at up to 10 g/ml, yielding RN9120-GISA. The derivation of these strains in vitro has been previously described in detail (37) . Clinical strains. Clinical MRSA isolates A5937 and A5940 were obtained from cultures of a patient with aortic valve endocarditis who failed therapy with vancomycin. A5937 is the first bloodstream isolate from the patient and was obtained on 13 March 2000. A5940 is the isolate grown from valve tissue obtained at the time of aortic valve replacement performed on 3 May 2000 after 50 days of vancomycin therapy. These isolates were indistinguishable by pulsed-field gel electrophoresis (27; data not shown). We have previously sequenced the entire agr locus of A5937 (GenBank accession no. AY082626) and A5940 (Gen-Bank accession no. AY082625) and determined them to be agr group II (36) . A5940 demonstrated complete loss of agr function, as evidenced by the absence of delta-hemolysin expression due to a nonsense mutation in agrA (36) . Both isolates contained an identical nonsense mutation at agrB that likely truncates the AgrB protein by three amino acids (36) . A5937 demonstrated levels of delta-hemolysin expression that were lower than that of RN6607, an agr group II wild-type strain (36) .
All clinical strains in the present study were stored as either flash-frozen overnight growth suspensions in BHI broth in a dry ice-ethanol bath or as bacterial growth scraped from sheep blood agar plates and embedded in a BHI-agar vial by using a sterile 2-l loop. Strains that were passaged in vancomycin in vitro (RN9120V, RN6607V, and RN9120-GISA) were grown overnight in BHI broth containing vancomycin at 1 g/ml, flash frozen in dry ice-ethanol bath, and stored at Ϫ70°C.
Antimicrobial susceptibility testing. All antimicrobial susceptibility tests were performed in accordance with Clinical and Laboratory Standards Institute (formerly National Committee for Clinical Laboratory Standards) recommendations in Mueller-Hinton II agar (Becton Dickinson, Cockeysville, MD) with an inoculum of 10 4 CFU (31). Quality control of susceptibility testing was performed by using reference strains ATCC 33591 (MRSA), ATCC 25923 (methicillin-susceptible S. aureus [MSSA]), and ATCC 29213 (MSSA). As previously described, GISA was defined as any isolate with a vancomycin MIC that is Ͼ4 g/ml and Ͻ16 g/ml; hetero-GISA was defined as any isolate with a vancomycin MIC of Յ4 g/ml but which exhibited subpopulations on population analysis that were able to grow in media containing Ͼ4 g of vancomycin/ml (41) .
Population analysis. Vancomycin population analysis was performed as previously described (37) . Briefly, a 10 9 -CFU/ml suspension of bacteria was sub-jected to serial 10-fold dilutions (10 Ϫ1 to 10 Ϫ7 ), and 25 l of each dilution was plated onto BHI agar containing vancomycin at 0 to 16 g/ml. Colonies were counted after 48 h of growth at 35°C. To qualify as either a hetero-GISA or GISA isolate (depending on the vancomycin MIC) required substantial growth of subpopulations on plates containing vancomycin at Ն3 g/ml, with eventual bacterial growth inhibition at higher vancomycin concentrations (41) . Data represent the means of at least two separate assay runs. Population analyses for the five laboratory strains ( Fig. 1A ) have been published (37) and were included here (with permission) to provide a representative context for the newly performed lysis and platelet peptide susceptibility assays.
Triton-induced lysis. Overnight (14-to 18-h) suspensions of bacterial cells were pelleted, washed twice with ice-cold sterile water, and grown to logarithmic phase (optical density at 630 nm [OD 630 ] of ϳ0.7) in fresh BHI broth. After another pelleting and washing step, the bacterial pellet was resuspended in Tris-HCl buffer (0.05 M; pH 7.2), with 0.05% (vol/vol) Triton X-100, to a final OD 630 of 0.7. Flasks were incubated at 35°C with gentle agitation, hourly samples were obtained, and OD 630 values were measured for 8 h. Autolysis was quantitated as a percentage of the initial OD 630 remaining at each sampling time point. Data represent the means of three separate assays.
Vancomycin-induced lysis. As a complement to Triton-induced lysis, the relative capacity of vancomycin to induce lysis over a 24-h exposure period was compared among the various study strains. For each strain, a 10-ml aliquot of BHI broth was inoculated from a fresh plate and cultured to log phase at 35°C with agitation until an OD 630 of 0.7 was reached. Each strain was then added to fresh BHI containing a final vancomycin concentration of 50 g/ml to achieve an initial inoculum of ϳ10 7 CFU/ml. After we confirmed the equivalence of initial inocula, samples were incubated with agitation at 35°C for 24 h. Pilot studies demonstrated that most vancomycin-induced lysis occurred slowly and progressively over a 24-h period. Thus, aliquots were obtained at time zero and after 16, 18, and 24 h of vancomycin exposure, and OD 630 values were measured. Lysis curves were then constructed comparing changes in OD 630 over time. The data represent the means of three separate assays.
In vitro tPMP susceptibility profiles. S. aureus susceptibility to tPMP was assayed in vitro as described previously (2, 12, 13) , and the results are expressed as the percentage of the initial inoculum (10 3 CFU) surviving exposure to either 1 or 2 g of tPMP specific activity/ml. For each isolate, tPMP susceptibility was expressed as the mean Ϯ the standard deviation of results from two independent experimental assays performed on separate days. Preparation of tPMP, quality control and bioactivity of the preparation, and the quantitative in vitro assay methods for tPMP susceptibility phenotypes were as described in detail elsewhere (2, 12, 13) . The tPMP susceptibility phenotypes were as previously defined: susceptible (Ͻ20% survival), intermediate-susceptible (21 to 50%), and resistant (Ͼ50% survival) (1, 2, 12, 13) .
All lysis and tPMP susceptibility assays in vitro were performed by investigators who were located at a center separate from where the isolates were obtained and who were blinded as to the identities and microbiologic features of the isolates (N. Lucindo, M. R. Yeaman, and A. S. Bayer).
RESULTS

Antimicrobial susceptibility and population analyses.
The vancomycin MICs for the study strains are shown in Table  2 . As expected, with passage in vancomycin, laboratory strains RN6607V and RN9120V exhibited modest (twofold) increases in vancomycin MICs compared to their respective parent strains, RN6607 and RN9120. With continued vancomycin passage, RN9120-GISA was derived, exhibiting a vancomycin MIC of 8 g/ml. Vancomycin population analyses of these isogenic laboratory-derived strains ( Fig. 1A and B ) showed pronounced differences between the agrII-positive wild-type strain set versus the agrII-knockout strain set. Thus, only RN9120V and RN9120-GISA demonstrated substantial growth on agar containing Ն3 g/ml, with the latter strain exhibiting the typical GISA phenotype.
In the clinical MRSA strain set, the vancomycin MIC of S. aureus A5940 increased to 4 g/ml versus 2 g/ml in A5937, the original S. aureus bloodstream isolate. In population analyses, S. aureus A5940 exhibited a hetero-GISA phenotype (Fig.  1B) .
Lysis profiles. As shown in Fig. 2 , parental strain RN6607 underwent substantial lysis by 16 h of vancomycin exposure. Passage of RN6607 (to derive RN6607V) did not impact vancomycin-induced lysis profiles. In contrast, in the RN9120 background, the vancomycin-passaged strains, RN9120V (hetero-GISA) and RN9120-GISA, demonstrated substantial reductions in vancomycin-induced lysis compared to the parental strain.
Upon comparing the two clinical isolates, we found that there was only a modest diminution in vancomycin-induced lysis of strain A5940 compared to the index isolate, A5937 (Fig.  3) .
Triton-induced lysis profiles roughly paralleled those observed above with vancomycin. Thus, Triton lysis profiles did not differ substantially between strain RN6607 and RN6607V (Fig. 4A) . In contrast, strains RN9120V (hetero-GISA) and RN9120-GISA were lysed more slowly and to a lesser extent than parental strain RN9120 (Fig. 4B ). There were no substantive differences in Triton-induced lysis profiles between the two clinical strains (Fig. 4C) .
In vitro tPMP susceptibility assays. Among the RN9120 strain set, vancomycin passage was associated with substantial reductions in tPMP-induced killing for both strains RN9120V (hetero-GISA) and RN9120-GISA (see Table 2 ). In comparison, RN6607V exhibited modest reductions in tPMP-induced killing compared to its parental strain, RN6607. Similarly, the clinical isolate, A5940 hetero-GISA, revealed reduced susceptibility to tPMP-induced killing compared to the index clinical isolate, A5937. Strains: RN6607, agr group II wild-type parent; RN9120, agr group II knockout (agr::tetM derived from RN6607); RN6607V, RN6607 grown in vancomycin at 1 g/ml; RN9120V, RN9120 grown in vancomycin at 1 g/ml; RN9120-GISA, RN9120 serially passaged in increasing vancomycin concentrations of up to 10 g/ml. (Reprinted from the Journal of Infectious Diseases [37] with permission of the publisher.) (B) Population analysis of serial clinical MRSA isolates from a patient with aortic valve endocarditis. Strains: A5937, initial bloodstream isolate; A5940, valve tissue isolate after 50 days of vancomycin therapy. In this and the subsequent figures, all data are presented as the means of at least two experimental runs. Standard error bars were not included to improve the clarity and presentation of these figures. 
DISCUSSION
The isolation of clinical MRSA strains exhibiting decreased vancomycin susceptibility has now been well chronicled (5, 13, 14, 38, 41) . The phenotypic and genotypic mechanisms responsible for the development of GISA remain incompletely defined but include (i) excess production of both abnormal muropeptide species and D-Ala-D-Ala residues, and thickened cell walls, which combine to negatively influence vancomycin activity; (ii) altered metabolic pathways (e.g., glutamine synthetase and L-glutamine D-fructose-6-phosphate aminotransferase); and (iii) defects in global regulator function (e.g., sigB, sarA, and/or agr) (3, 5, 16, 39) . In addition, we and others have recently shown that GISA strains exhibit decreased autolysis in vitro (5, 37, 39) . Since the agr global regulator positively regulates the expression of many murein hydrolases that are involved in autolysis, we hypothesized that defects in this operon might be involved in the development of an autolysis-deficient GISA phenotype (15) .
The agr operon is involved in the coordinate regulation of a number of S. aureus virulence factors. S. aureus strains exhibit well-defined genetic polymorphisms within the agr locus. Four agr genotypes, groups I to IV, have been described to date (22, 32) . Although data relating agr type and specific infections are sparse, Jarraud et al. have shown that specific agr genotype strains may be associated with particular infectious syndromes, with enterotoxin disease linked to agr group I, with endocarditis linked to agr groups I and II, with toxic shock syndrome linked to agr group III, and with exfoliative diseases linked to agr group IV (20) . Recently, agr group III genotype strains have been overrepresented in strains from community-acquired MRSA infections, whereas nosocomially isolated MRSA strains in the United States are predominantly of agr group II (30, 37) . Furthermore, our previous studies and those of other laboratories showed a correlation between induction of the GISA phenotype and autolytic deficiency, especially in the context of the agr genotype II (23, 37) .
The genetic pathways through which agr impacts autolysis are multifactorial and not completely understood. On one hand, agr knockout mutants displayed reduced murein hydrolase activity and defective Triton-induced lysis, paralleling our current data (15) . On the other hand, agr is a positive regulator of the two-component regulatory system, lrgAB, which is thought to function in the anti-holin pathway (mgrA[rat]-lytRS-lrgAB) that should theoretically would be expected to reduce murein hydrolase production and diminish lysis (18, 19) . Thus, one would anticipate that loss of agr function might increase lysis via this pathway. In fact, we have previously shown that the agr group II knockout RN9120 strain derived from RN6607 exhibits an increased baseline autolysis profile compared to its parent (37) . It is only after exposure to subinhibitory concentrations of vancomycin in vitro that RN9120 acquired an autolysis-deficient phenotype, whereas minimal changes in autolysis were seen in the wild type (37) .
One potential explanation for this apparent paradox is that lrgAB gene products that ordinarily affect anti-holin activity may provide a holin-like function under selected physiologic conditions (17) . In addition, it is conceivable that agr may impact murein hydrolase production both by the holin-antiholin pathways and more directly by the murein hydrolase structural genes. Finally, loss of agr function may simply be a marker for other, as-yet-undefined genetic defects that actually impact the autolytic pathways. tPMPs are cationic staphylocidal peptides secreted by mammalian platelets in response to agonists present at sites of endovascular damage and infection (e.g., thrombin) (9, 10, 45, 46) . Staphylococcal strains that exhibit stable, low-level in vitro resistance to killing by tPMPs appear to have a survival advantage in experimental endocarditis (9, 25, 28, 42) . Moreover, human MRSA strains from patients with endocarditis and vascular device infections also tend to exhibit similar stable, lowlevel tPMP resistance in vitro (versus isolates from nonvascular infections) (2, 12, 42) . Although the staphylocidal mechanisms of tPMPs involve target membrane permeabilization, defective autolysis impedes the ultimate extent of tPMP-induced staphylocidal effects (43) . Further, exposure of tPMP-susceptible strains of S. aureus induces both a progressive increase in tPMP resistance and morphological changes in the cell wall of such strains very reminiscent of those observed with GISA strains (i.e., enhanced thickness) (45) . Finally, we have recently confirmed an additional correlation among low-level tPMP resistance in vitro, loss of agr function, and persistent MRSA bacteremia (13) . This finding suggested that S. aureus may use a common strategy to circumvent the actions of both antimicrobial peptides and glycopeptides. The results from the current investigation lend further support to this hypothesis. Both parental, laboratory-derived S. aureus strains (RN6607 and RN9120) and the initial clinical MRSA isolate (A5937) were (i) vancomycin susceptible, (ii) lysed by Triton and vancomycin, and (iii) tPMP susceptible. After vancomycin exposures in vitro or in vivo, their derivative strains demonstrated increases in vancomycin MICs and reductions in their in vitro susceptibilities to tPMP. Importantly, in both the agrII knockout background strains, RN9120V and RN9120-GISA, and the clinical strain A5940 obtained from valvular tissue (in which an agrII-defective genotype evolved following prolonged vancomycin therapy) a hetero-GISA or GISA phenotype was documented by in vitro population analysis. However, only in strains RN9120V and RN9120-GISA were significant lysis defects and reduced susceptibility to low levels of tPMP associated with vancomycin exposure. In contrast, neither strain RN6607V nor clinical MRSA A5940 exhibited substantially decreased autolytic or vancomycin-lytic profiles despite modest increases in tPMP resistance after vancomycin exposure. These observations suggest that vancomycin exposure may induce specific phenotypic adaptations that are dependent, at least in part, on agr genotype and/or phenotype status. Thus, the loss of agr function seems to be necessary, but not sufficient, to induce the hetero-GISA or GISA phenotypes. After loss of agr function, full expression of the GISA phenotype appears to require serial exposures to subinhibitory vancomycin concentrations. The development of low-level tPMP resistance in vitro roughly paralleled the evolution of the hetero-GISA or GISA phenotypes during or after vancomycin exposures. However, moderate tPMP resistance also developed in strain RN6607V, without development of the full GISA phenotype. Finally, only in the setting of an initially agrII-defective parental genotype and serial vancomycin exposures did all of the following three phenotypes concomitantly emerge: hetero-GISA or GISA, low-level tPMP resistance, and defective autolysis and vancomycin lysis. Since the relationship between GISA, hetero-GISA, and tPMP resistance appears to be complex, defining the tPMP susceptibilities in a larger collection of clinical GISA isolates would be of interest. Our prediction would be that many of these strains would exhibit reduced susceptibility to tPMP and an autolysis-deficient phenotype. Of interest, we recently studied 21 MRSA isolates from patients with persistent MRSA bacteremia (many of which demonstrated relative tPMP resistance) and found no correlation between the latter phenotype and GISA/hetero-GISA (13) .
Collectively, our data suggest the following: (i) serial vancomycin exposure, particularly at subinhibitory concentrations, is associated with hetero-GISA or GISA phenotypes; (ii) neither the agrII-defective genotype nor the hetero-GISA/GISA phenotypes are independently associated with defects in autolysis or vancomycin lysis; (iii) increasing resistance to tPMP can be associated with both the hetero-GISA/GISA phenotypes, as well as defects in lysis; and (iv) the loss of agr function may prove advantageous for S. aureus survival in vivo, a finding consistent with previous investigations (13, 34, 44) . It is worth emphasizing that the laboratory strains used in this investigation were MSSA. Thus, although the GISA phenotype strains isolated from clinical infections have been almost exclusively MRSA, our data confirm prior investigations that any S. aureus strain, given the appropriate agr genotype and phenotype and a threshold duration of vancomycin exposure, may be capable of developing the GISA phenotype (35) .
Many questions remain unanswered, including questions about the role of the agr genotype in the emergence of the GISA phenotype during vancomycin exposures. Although we found a preponderance of agr group II in GISA from the United States, agr nongroup II strains clearly can also be readily passaged in vitro to a GISA phenotype (e.g., MRSA COL, agr group I [37] ). Other topics of interest include (i) the precise physiologic and genetic linkages among defects in lysis, loss of agr function, and increasing resistance to host defense peptides; (ii) the biochemical mechanisms involved in the association between loss of agr function and defective lysis profiles; and (iii) the effect of the GISA phenotype and vancomycin exposures upon virulence (11, 21, 33) . These and other key issues are now being investigated in ongoing studies in our laboratories.
